MNT is a transcription factor of the MXD family. MNT-MAX dimers down-regulate genes 29 by binding to E-boxes sequences, which can also be bound by MYC-MAX to activate 30 transcription. MNT has been described as a modulator of MYC activity but little is known 31 about MNT regulation and whether MNT has MAX-independent functions. Using a MAX 32 deficient cell line and siRNA-mediated silencing of MAX, we show that in the absence of 33 MAX the total MNT levels are elevated and that MNT localizes both in the cytoplasm and 34 the nucleus. In contrast, MNT is predominantly nuclear when MAX is expressed. MNT is 35 required for optimal cell proliferation even in the absence of MAX, being the first report 36 of a MAX-independent function of MNT. Interestingly, MNT forms homodimers and 37 autoregulates its expression by repressing its own promoter. The tight MNT regulation 38 and its activity in absence of MAX suggest its importance on cell homeostasis. 39 40 INTRODUCTION 41 MNT (also called MXD6) is a basic helix-loop-helix leucine zipper (bHLHLZ) protein and 42 it is the most divergent member of the MXD family, that also includes MXD1, MXI1, MXD3 43 and MXD4. MNT forms heterodimers with MAX through the bHLHLZ domain, and binds 44 to E-box DNA sequences. MYC is one of the most prevalent human oncoproteins. MYC 45
the typical effect of MNT-MAX is the transcriptional repression (Hurlin et al 1997 , Meroni 48 et al 1997 . MNT can bind not only to MAX but also to the MAX-like HLH protein MLX 49 (Billin et al 1999 , Meroni et al 2000 which alternatively can interact with MLXIP 50 (MONDOA) and MLXIPL (MONDOB) proteins. Therefore, MNT participates both in the 51 MAX-and MLX-centred networks [reviewed in (Diolaiti et al 2015 , Yang & Hurlin 2017 ] 52 serving as the link between the MAX-MYC and MLX-MONDO networks. 53
MNT is expressed constitutively in proliferating and quiescent cells and protein 54 levels do not show major fluctuations when quiescent cells are mitotically stimulated 55 (Hurlin et al 1997 , Hurlin et al 2003 , Walker et al 2005 . MNT -/-mice are not viable 56 suggesting that MNT function is not redundant with that of the other MXD proteins (Foley 58 et al 1998 , Schreiber-Agus & DePinho 1998 . Moreover, MNT is the 59 only MXD protein in invertebrates (Diolaiti et al 2015) . 60
Consistent with MNT functioning as a MYC transcriptional antagonist, enforced 61 MNT expression inhibits cell proliferation and impairs MYC-dependent transformation 62 (Hurlin et al 1997 , Walker et al 2005 . The deficiency or down-regulation of MNT in 63 fibroblasts leads to increased proliferation (i.e., similarly to MYC-overexpression) and 64 partially rescues the proliferative arrest caused by MYC ablation (Dezfouli et al 2006, 65 Hurlin et al 2003, Nilsson et al 2004 , Walker et al 2005 . MNT ablation in vivo leads to 66 breast and T-cell tumors (Dezfouli et al 2006 , Hurlin et al 2003 , Toyo-oka et al 2004 . On 67 the other hand, MNT knock-out in some cell models inhibits proliferation, promotes 68 apoptosis (Dezfouli et al 2006 , Hurlin et al 2003 , Nilsson et al 2004 and impairs MYC-69 dependent tumorigenesis (Link et al 2012) . Thus, as MYC and MNT coexist in 70 proliferating cells, it has been suggested a role of MNT as a "buffer" of MYC activity. 71
We took advantage of a cell line deficient in MAX to explore possible MAX-72 independent functions of MNT. UR61 cells, derived rat pheochromocytoma, do not 73 express a functional MAX protein but a truncated form (termed MAX PC12 ) encoding a that 74 lacks the second helix and leucine zipper region of the bHLH-LZ domain which are the 75 regions responsible for dimerization with MYC and MNT (Hopewell & Ziff 1995) . Here 76 we describe that, in UR61 cells, MNT localizes both in the cytoplasm and in the nucleus, 77 but it is exclusively nuclear when MAX is re-expressed. Moreover, MNT autoregulates 78 its expression through binding and transrepressing its own promoter in the presence of 79 MAX. MNT was required for optimal cell proliferation even in the absence of MAX, being 80 the first example of MAX-independent function of MNT. Furthermore, RNA-seq 81 experiments showed that MNT can regulate gene expression in the absence of MAX. 82 83 84
RESULTS

85
MNT levels depend on MAX
86
We first studied MNT levels in proliferating cells from eleven cell lines derived from 87 different tissues and species, including two cell lines lacking MAX: UR61 and human 88 small cell lung carcinoma H1417 cells (Romero et al 2014) . The results showed that, 89 although MNT expression varies among cell lines, the two MAX-deficient cell lines 90 expressed high MNT levels ( Figure 1A) . MNT was expressed in all cell lines as a protein 91 doublet, due to a slower migrating phosphorylated MNT form (Popov et al 2005) . 92
The high MNT expression in the two MAX-deficient cell lines led us to explore 93 whether MAX influenced MNT levels. For this purpose, we transfected UR61 cells with 94 a construct carrying human MAX cDNA driven by the metallothionein promoter, which is 95 activated by Zn 2+ cations (Canelles et al 1997) . Several clones were isolated and two of 96 them with robust MAX induction were mixed and the resulting cell line was termed 97
URMax34. We also generated a cell line transfected with the empty vector, termed 98
URMT. The induction of MAX in response to Zn 2+ in URMax34 cells was confirmed by 99 immunoblot ( Figure 1B) . We examined the effect of MAX induction on MNT levels in 100 URMax34 cells. The results showed that MNT was down-regulated upon MAX induction 101 by Zn 2+ (Figure 1B) . To confirm this result and rule out effects potentially related to the 102 generation of stably transfected clones (as URMax34 system), UR61 cells were 103 transiently transfected with a MAX expression vector and the results showed a decrease 104 in MNT protein levels in MAX-transfected cells ( Figure 1C) . It is noteworthy that the r-105 expression of MAX in these cells provoked the down-regulation of MNT at the mRNA 106 levels, as determined by RT-qPCR ( Figure 1D) . 107
We sought to confirm this in a different cell type and species. For this purpose a 108
MAX expression vector was transfected into human myeloid leukemia K562 cells. The 109
immunoblot results showed lower MNT levels in the cells with MAX overexpression 110 ( Figure 2A ). Next, we used the Kmax12 cell line (Canelles et al 1997) , a K562 derivative 111 carrying a MAX transgene which expression is induced by Zn 2+ . Induction of MAX 112 expression in Kmax12 cells resulted in a concomitant MNT downregulation ( Figure 2B) . 113
We also used the opposite approach, i.e. depleting cells of MAX and analyzing the 114 expression of MNT. As shown in Figure 2C , MNT protein expression was upregulated 115 when MAX was silenced with siRNA in K562. Interestingly, MNT mRNA was also up-116 regulated in MAX-silenced cells ( Figure 2D) . Altogether, the results showed that low MAX 117 levels result in MNT up-regulation, likely at the transcriptional level. 118
119
MNT binds and repress its own promoter in the presence of MAX
120
The above results showing that MNT down-regulation took place at the mRNA 121 level prompted us to investigate if MNT impairs the activity of its own promoter. 122
Bioinformatic analysis of human, mouse and rat MNT promoter regions revealed that 123 there are two E-box sequences within 1 kb upstream the transcriptional start site of MNT 124 (one canonical Ebox, CACGTG, and one non-canonical, CATGTG) that are conserved 125 among these three different species ( Figure 3A) . 126
We then constructed a luciferase reporter carrying the 850 bp upstream region 127 of the transcription start site from the human MNT gene. The construct was termed 128 850MNT-Luc ( Figure 3B ). HEK293T cells (which express MAX) were transfected with 129 the 850MNT-Luc and MNT expression vectors. The results showed that MNT 130 overexpression led to a reduction in the luciferase activity ( Figure 3C ), suggesting that 131 MNT-MAX negatively regulates the MNT promoter. To determine the contribution of the 132 two E-boxes in the MNT-mediated autoregulation we constructed two reporters 133 containing each of the E-boxes, termed 220MNT-Luc (containing 220 bp of the promoter 134 including E-box 2) and 570MNT-Luc (containing 570 bp of the promoter, including E-box 135 1 ( Figure 3B ). The luciferase assays in HEK293T cells showed that the E-box 2, mapping 136 at -788 was critical for MNT-mediated downregulation of its own promoter ( Figure 3C , 137 left panel). 138
We also investigated the activity of the MNT promoter in UR61 cells, which do 139 not express MAX. UR61 cells were transfected with the 850MNT-Luc vector together 140 with MNT and MAX expression vectors. The results also showed a decrease in the 141 luciferase activity although less than in HEK293T cells ( Figure 3C Figure 1 ), suggesting that members 169 of the MYC and MXD family bind and possibly regulate the promoter of MNT. 170
As MNT was downregulated when MAX was re-expressed, we hypothesized that 171 MNT-MAX heterodimers might bind to the MNT promoter and down-regulate its own 172 expression. To explore this hypothesis, a ChIP assay was performed with MNT and MAX 173 antibodies in URMT and URMax34 treated with Zn 2+ to induce MAX. We studied the - Navarro et al 2016). We could not use untreated URMax34 cells as a control as they 206 express some MAX even in the absence of Zn 2+ ( Figure 1B) . Cytoplasmic MNT was also 207 observed in H1417 cells, human cells deficient in MAX. As a control, the localization of 208 MNT was analysed in HEK293T cells, that express the MAX protein. Cytoplasm/nucleus 209 fractionation revealed that MNT and MAX were localised in the nucleus but not in the 210 cytoplasm of HEK293T cells ( Figure 5A) . To test if the localization of MNT depended on 211 MAX, we silenced the MAX protein in K562 cells with siRNA and we carried out 212 cytoplasm/nucleus fractionation. In control K562 cells, MNT and MAX were mainly 213 localised in the nucleus. In contrast, in MAX-depleted cells, a significant amount of MNT 214 was found in the cytoplasm of K562 cells ( Figure 5B ). It is noteworthy that nuclear MNT 215 levels were similar in URMT and URMax34, as well as in control K562 and MAX-depleted 216 MNT was co-transfected with MAX in UR61 cells (Supplementary Figure 2C) . 230
Therefore, as significant MNT overexpression was not attainable in UR61 cells, 231
we decided to knock-down MNT through siRNAs. For this, we used lentiviral particles 232 containing two short-hairpin constructs against the rat MNT gene. Two shMNT constructs 233 that efficiently reduced MNT levels were used, termed shMNT-1 and shMNT-2 ( Figure  234 6A). The vectors also carried a puromycin-resistance gene.UR61 cells were transiently 235 co-transfected with the shMNT constructs (or the empty vector) and a GFP expression 236 vector in a proportion 1:5 to ensure that the GFP-positive cells also incorporated the sh-237
MNT plasmid. Six days after transfection, the fraction of GFP positive cells were 238 analysed by flow cytometry. The results showed that the fraction of GFP positive cells 239 was clearly reduced in cells with depleted MNT (Figure 6B ), suggesting that MNT loss 240 resulted in impaired cell proliferation. In a second approach, we transfected the UR61 241 cells with the sh-MNT constructs and counted viable cells after 3 and 7 days of 242 transfection. As shown in Figure 6C , MNT-silenced UR61 cells grew slower than 243 controls. We also performed clonogenic assays in UR61 transfected with the shMNT 244 and/or a MAX expression vector (in 1:3 proportions to ensure that the 245 shMNT containing cells had also incorporated the MAX vector) as well as the empty 246 vectors. 24 h after transfection puromycin was added and after selection the colonies 247
were stained with crystal violet, the dye was solubilised and quantified. The results 248 showed that MNT depletion provoked a dramatic growth inhibition. The result that MNT 249 depletion impaired cellular proliferation in a MAX-independent manner is unprecedented. 250
The results also showed that UR61 cells overexpressing the MAX protein grew more 251 slowly than the control ( Figure 6D ), as reported for the MAX-deficient parental PC12 252 pheochromocytoma cells (Hopewell & Ziff 1995) . When MNT silencing was accompanied 253 by MAX enforced expression, the inhibition of UR61 cell proliferation was stronger 254 ( Figure 6D) . Consistent with the anti-proliferative effects of MNT depletion, we failed to 255 generate stably MNT-silenced UR61 (not shown). 256
Since MNT impairs cell proliferation of UR61 cells, we wondered whether this 257 was accompanied by cell death. To study this, the levels of survivin (BIRC5) in URMT 258 and URMax34 was analysed by immunoblot and the results showed a decrease in 259 survivin and cyclin A (a marker of proliferation) in cells with depleted MNT, both in MAX-260 deficient cells (compare lanes 1 vs 2) and in MAX-expressing cells (compare lanes 3 vs 261 4), although the effect was stronger in these latter cells. To check the contribution of 262 apoptosis, we also measured DNA content flow cytometry. We found that the fraction of 263 cells with a sub-G0 amount of DNA was higher in cells transfected with the sh-MNT 264 vector ( Figure 6F ). The results suggest that the depletion of MNT leads to cell 265 proliferation arrest and apoptosis in UR61. shMNT-1 was confirmed by immunoblot in the two duplicates ( Figure 7A) . The RNAs 280
were submitted for ultrasequencing and the RNA-seq. 281
From the RNA-seq data we grouped, the genes that were up-regulated and 283 down-regulated in both duplicates considering a log2 RPKM fold change higher than 0.7 284 or smaller than -0.7 of the corresponding control. The heatmap of the gene expression 285 signature clearly shows that the depletion of MNT in both URMT and URMax34 induced 286 gene transcription changes ( Supplementary Figure 3A,B) indicating that MNT is 287 important for the regulation of gene transcription. Specifically, 281 genes were regulated 288 upon MNT depletion in control URMT cells ( Supplementary Table 1 ) and 537 genes in 289 MAX-expressing cells (i.e., URMax34 treated with Zn2+) ( Supplementary Table 2) . 290
Approximately 62 % of these genes were down-regulated upon MNT depletion (Figure  291   7B ). In addition, URMax34 and URMT gene expression heatmaps clearly showed that 292 the expression of MAX induced gene transcriptional changes ( Supplementary Figure  293 3C,D). When comparing URMax34 and URMT cells, 377 genes were found to be 294 differentially expressed ( Supplementary Table 3 ). We also found 361 genes with 295 differential expression comparing URMax34 and URMT cells when both cell lines were 296
MNT-depleted and treated with Zn 2+ ( Supplementary Table 4 ). Among MAX-regulated 297 genes, roughly half of the genes were downregulated ( Figure 7B) . 298
The comparison between the lists of the genes regulated by MNT in cells without 299 MAX (URMT) and with MAX (URMax34) revealed 158 shared genes in the two 300 duplicates, meaning that 56% and 30% of the MNT-regulated genes in each cell line are 301 regulated by MNT in a MAX-independent manner ( Figure 7C) . 302
The genes showing expression changes in the MNT-depleted URMT and 303
URMax34 cells were analysed with the GSEA and the MsigDB platform 304 (http://software.broadinstitute.org/gsea/msigdb). The genes regulated upon MNT knock-305 down were compared with the gene sets derived from the biological process gene 306 ontology and the comparison showed that genes belonging to cell cycle processes are 307 the most enriched set in MNT-depleted cells both in MAX expressing and not expressing 308 cells ( Supplementary Table 5 ). 309
In order to explain the effects of MNT ablation on UR61 cell growth, we selected 310 several genes involved in cell cycle and DNA replication that were regulated in the RNA-311 seq duplicates. URMT and URMax34 cells were transfeted with the two shMNT 312 constructs and the empty vector, and analysed the expression of these genes by RT-313
qPCR. The Figure 7D with the negative effect of MNT depletion on cell proliferation ( Figure 6) . 318
We wondered how could MNT act as transcription factor in cells lacking MAX. 319
Besides MAX, MNT can also bind the HLH protein MLX (Cairo et al 2001 , Meroni et al 320 2000 . To show if this interaction also takes place in UR61, we transfected MLX-Flag into 321
URMT cells and 48 h later lysates were immunoprecipitated MLX with anti-MLX antibody 322
and MNT with anti-MNT antibodies. The immunoprecipitates were analysed by 323 immunoblot and the results showed the interaction between MNT and MLX ( Figure 8A) . 324
We next studied this interaction in URMax34 cells treated with Zn 2+ , i.e. cells expressing 325 MAX. The immunoblot results showed that MNT and MLX also interacted but the 326 interaction was weaker when MAX expression was induced by Zn 2+ . Thus, the data 327 suggest that, at least in our experimental conditions, MNT-MAX dimers were formed 328 more efficiently than MNT-MLX dimers ( Figure 8B) . To confirm the MNT-MLX interaction 329 in URMT cells, we prepared a HA-tagged MNT mutant with a deletion of most of the HLH 330 domain of mouse MNT, termed ΔHLHMNT-HA ( Figure 8C) . This mutant or the wild-type 331 counterpart was transfected into URMT and the corresponding lysates were 332 immunoprecipitated with anti-HA. The results showed that HLH domain is required for 333 the MNT-MLX interaction ( Figure 8D) . 334
In contrast to MAX, MLX is expressed in both nucleus and cytoplasm (Billin et al 335 2000) . By immunoblot analysis it was found that MLX was present in nucleus and, at a 336 lesser extent, in the cytoplasm of URMT cells ( Figure 8E ). Next, we prepared nuclear 337 and cytoplasmic fractions of URMT cells and studied by immunoprecipitation with anti-338
MNT and anti-MLX antibodies if MNT and MLX interact. The results showed that this was 339 indeed the case in both nuclear and cytoplasmic fractions ( Figure 8F) . The proximity 340 ligation assay also showed that MNT and MLX interacted in both nucleus and cytoplasm 341 (not shown). 342 Finally, it is described that MNT can form homodimers in two-hybrid experiments 343 (Hurlin et al 1997 , Meroni et al 1997 . Thus, a possibility is that MNT acts a transcription 344 factor as an homodimer. This homodimerization has not been demonstrated in vivo so 345 we tested it in HEK293T and UR61 cells. We first co-transfected HEK293T cells with 346
GFP-MNT and Flag-MNT constructs and immunoprecipitated with anti-GFP antibody. 347
The immunoblot analysis demonstrated the presence of the smaller Flag-MNT protein in 348 the material immunoprecipitated with anti-GFP ( Figure 9A) . As expected, both big and 349 small MNT forms were detected when the immunoblots were analysed with anti-MNT 350 antibody ( Figure 9A) . The results suggested the presence of homodimers between GFP-351
MNT and MNT-Flag in HEK293T cells. As a control, the lysates with anti-MAX antibody 352
were immunoprecipitated, and both MNT and GFP-MNT were found to be bound to MAX 353 (not shown). Next, we investigated the MNT homodimerization in the UR61 system. 354
URMT cells were infected with lentiviral particles containing the GFP-MNT construct, 355 immunoprecipitated, and the lysates analysed by immunoblot with anti-GFP antibody 356 and anti-MNT antibodies. The results showed that MNT was present in the 357 immunoprecipitates with anti-GFP ( Figure 9B) . The results suggest that MNT forms 358 homodimers in human HEK293T cells and in MAX-deficient rat URMT cells. As MNT 359 dimerization in yeast two hybrid assays depends on the HLH-LZ (Hurlin et al 1997 , 360 Meroni et al 1997 , we asked whether HLH was involved in the homodimerization in vivo. 361
We transfected the MNT mutant lacking the bHLH region (ΔbHLH MNT) ( Figure 8C) In this study, we report five novel findings: (i) MNT is required for optimum proliferation 372 represses its own promoter (which contains two conserved E-boxes) and ChIP assays 393 showed that MNT binds to its own promoter when MAX is ectopically expressed in UR61 394 cells. In agreement with these results, significant levels of MNT localize to the cytoplasm 395 of MAX-deficient cells whereas MNT remains nuclear in MAX-expressing cells. This 396 would explain why MAX re-expression leads to a decrease in MNT levels: MNT-MAX 397 dimers would be formed to repress MNT expression in the nucleus. On the contrary, in 398 the absence of MAX, MNT is expressed at higher levels since there would be no negative 399
MNT autoregulation. The model is schematized in Figure 10 . 400
We explored possible MAX-independent effects of MNT using the UR61 model. Supplementary Table 6 . 467
Luciferase reporters and assays 468
To generate the 850MNT-luc, 220MNT-luc, 570MNT-luc reporter vectors, two pair of 469 primers were designed for each construct (Supplementary Table 7) , targeting sequences 470 of the human genome corresponding to 850 bp upstream the transcription start site 471 Chemometec) or a cytometer (Guava PCA, Merck Millipore). For the clonogenic assays, 480 1-2 x 10 6 cells/ml were seeded in a 6-well or 60 mm plate after transfection by 481 electroporation. 48 h post-transfection, cells were selected with puromycin at 0.2-0.5 482 µg/ml final concentration. After 8-17 days the cells were stained with crystal violet and 483 the dye measured by absorbance at 595 nm as described (Ferrandiz et al 2009) . To 484 determine the sugG0-G1 population, cells were transfected and 7 days post-transfection 485 the DNA concentration was analyzed by propidium iodide staining and flow cytometry 486 as described (Albajar et al 2011) . 487
488
RNA analysis 489
For qPCR, total RNA was isolated using the TRI Reagent® Solution (Invitrogen). cDNA 490 was generated by reverse transcription (RT) using the iScript (Bio-Rad). Quantitative 491 polymerase chain reaction (qPCR) was performed with specific primers (Supplementary 492 
